Male rats and male mice received a single 2-hr exposure to 0 (control), 10, or 30 ppm of methyl isocyanate and were sacrificed after 1, 3, 14, or 90 days to assess the ultrastructural changes in the nasal mucosa by transmission electron microscopy. One day after exposure to methyl isocyanate, there were widespread areas of necrosis and degeneration of the respiratory and olfactory epithelium of rats and mice in the 10 ppm and 30 ppm groups. Qualitatively the ultrastructural findings were similar for both exposure groups and species. Degeneration followed by rapid regeneration was observed for both respiratory and olfactory epithelia but was most striking for olfactory epithelium in the dorsal meatus. Three days after the exposure, the olfactory epithelium was two to three cell layers thick due to a loss of supporting cells, olfactory neurons, and basal cells. By 14 days after exposure, the olfactory epithelium was composed of a heterogeneous cell population three to five cell layers thick. At 90 days following exposure, the epithelium was of normal thickness (eight to ten cell layers), with normal architectural arrangement, and composed of well-differentiated cells that appeared similar to those of controls. There were several findings that suggested the epithelial cells of Bowman's glands were the progenitor for the regenerating supporting cells of the olfactory epithelium. This study demonstrated that the respiratory and olfactory epithelium is capable of complete structural regeneration after an acute destruction by methyl isocyanate.
Introduction
Methyl isocyanate (MIC) is a reactive, toxic, and volatile liquid that is hazardous by all means of contact (1) . In rodents, inhalation of MIC induces severe destruction of the mucosal linings of the upper (2, 3) and lower (2-4) respiratory tracts. As assessed by light microscopy, the effects of MIC on the nasal mucosa were similar to those induced by other nasal toxicants such as chlorine (5) , dimethylamine (6) , and a number of other sensory irritants (7) , which cause necrosis and erosion ofthe nasal respiratory and olfactory epithelia. Destruction of the mucosal lining of the nasal cavity inhibits mucociliary function (8) and olfaction (9, 10) . Although obvious degenerative changes may be observed by light microscopic examination, subtle pathological defects can be more fully appreciated ultrastructurally. The objective of this study was to examine and characterize ul- trastructural changes in the nasal mucosa of rodents following an acute exposure to a toxic concentration of MIC.
Materials and Methods
Male F344 rats and male B6C3F1 mice [source, animal care, disease surveillance, etc., detailed in a separate paper (11) ] were sacrificed 1, 3, 14, and 90 days after a 2-hr whole-body exposure to 0, 10, or 30 ppm of MIC on 4/22/86. Details of exposure, generation, monitoring and safety have been reported (12) . Each exposure group consisted of five rats/sex and five mice/sex. After a complete necropsy, the heads of two rats and two mice per group were removed and the nasal cavity was fixed by infusing Fowler's fixative, pH 7.4 (13) , into the nasopharynx via syringe. The heads were then placed in 50 mL of fixative at 4°C and for no less than 5 days. After fixation and using Palatine structures as references (14) , three transverse sections of the heads were made by using a Buehler's Isomet low speed saw. The following sections were taken: (1) through the incisive papilla and anterior to the first palatal ridge, (2) at the FIGURE 1. Rat, 0 ppm, 90 days. Electron micrograph of normal olfactory epithelium (8) (9) (10) (Fig. 3) . Degeneration of olfactory nerve fibers and epithelial cells of Bowman's glands was also seen in the lamina propria. The degenerative changes of olfactory nerve fibers were characterized by swelling of axons, degeneration of mitochondria in axons, and degradation of axoplasm (Fig. 4) (Fig. 6 ). There was an increased number of collagen fibers in the lamina propria and an illdefined basement membrane. Similar but less severe changes were seen in the respiratory epithelium from the nasal septum. Regeneration of the respiratory epithelium at 3 days was characterized by a randomly arranged proliferation of immature epithelial cells. There was a wealth of free ribosomes and polysomes in the abundant cytoplasm of these cells. Endoplasmic reticulum and mitochondria could rarely be seen.
Three days after exposure, there was variation in the appearance of the olfactory epithelium from the dorsal meatus between levels II and III. At level II, the epithelium was often two cell layers thick and disorganized (Fig. 7) . The epithelium contained flattened surface cells with sparse microvilli and prominent bundles of intermediate filaments, large round electron-lucent cells, and irregularly shaped but electron dense, subsurface cells which were poorly differentiated and lacked cell junctions. Olfactory vesicles were missing and there were no central nerve processes of olfactory bipolar neurons. In areas the excretory duct of Bowman's gland opened to the surface. This was often associated with cystic degeneration of the cells of Bowman's glands. In places, the cells of Bowman's glands almost totally formed the epithelium (Fig. 8) . Olfactory nerve endings showed minimal degenerative changes which were similar to degenerative changes seen at 1 day past exposure. At level III of the dorsal meatus, fewer degenerative changes were found and there was more regeneration of the olfactory epithelium. The epithelium was at least three cell layers thick and the cells were slightly more organized with greater cell junctional relationship. The cell population was still heterogeneous, poorly differentiated, and mitotic figures were found. The predominant cell in this area was the large, round, electronlucent cell with microvilli and dense secretory granules. There were occasional flattened surface cells with intermediate filaments and dense secretary granules (Fig.  9 ) similar to the epithelial cells of small acini of Bowman's glands. Irregularly shaped electron-dense cells lined the basal lamina and occasionally formed vertical columns, rows, or stacks leading from the basilar to the mid-apical region of the epithelium (Fig. 10) . In the basal region, the cytoplasm of these cells encompassed the newly formed central nerve processes. A few olfactory vesicles with one or two ciliary extensions were present.
By day 14, the respiratory epithelium showed progressive regeneration with increased cell population and normal architecture. There were residual effects remaining in the most anterior levels of the dorsal nasal concha and nasal septum. Macromitochondria with bizarre configuration or reduplication of cristae was an infrequent finding (Fig. 11) . In the high dose rats, the dorsal concha showed fewer ciliated cells and had a prepondrance of nonciliated columnar cells with rudimentary microvilli. There was no secretory activity. The basement membrane in this area was ill-defined or irregular.
The olfactory epithelium, after 14 days, showed evidence of progressive regeneration. The epithelium was three to five cell layers in thickness and composed of regenerating supporting cells, olfactory neurons and basal cells. Respiratory metaplasia characterized by columnar ciliated cells was seen between regenerating supporting cells of the olfactory epithelium (Fig. 12) . 01-factory vesicles with two to three ciliary extensions were occasionally seen but most were rudimentary vesicles seen intraepithelialarly, migrating toward the surface or above the surface but lacking in ciliary extensions (Fig. 13) .
At 90 days after the exposure to MIC, the respiratory epithelium showed complete and orderly re-epithelialization of the dorsal nasal concha and nasal septum in the sections examined. Ultrastructural alterations in cilia and nerve fibers were not found.
Although an area of respiratory metaplasia in the ethmoid turbinate was still evident 90 days after exposure, there appeared to be complete structural regeneration of the olfactory epithelium in the dorsal meatus. The epithelium was eight to ten cell layers thick (Fig. 14) . The morphology of the supporting cells was similar to the epithelial cells of Bowman's glands. The cytoplasm of supporting cells occasionally showed lamellar agranular endoplasmic reticulum which were prominent in the cytoplasm of epithelial cells of Bowman's glands after 14 days. The olfactory neurons could be positively identified at this time by the prominent golgi apparatus usually in the apical portion of the cytoplasm (Fig. 15) . Olfactory vesicles were present with normal ciliary extensions. The basal cells were in alignment along the basement membrane and the cytoplasm showed the normal intimate contact with regular proliferations of small nerve bundles. The basement membrane was well defined except for areas where cells of Bowman's glands extended through the basement membrane (Fig. 16 ). In this same area, acini of Bowman's glands within the olfactory epithelium were lined by large round immature cells similar to supporting cells seen previously at 14 days, while the cells of Bowman's glands beneath the basement membrane were characterized by the prominent lamellar agranular endoplasmic reticulum and secretory granules. The lamina 82 ULTRASTRUCTURAL NASAL CHANGES DUE TO METHYL ISOCYANATE propria was composed of normal olfactory unmyelinated axons, Bowman's glands, and vasculature.
Discussion
Methyl isocyanate exposure caused necrosis, cellular degeneration, and detachment ofthe cells from the basement membrane both in the respiratory and olfactory epithelia of the nasal mucosa. The degenerative changes in the nasal mucosa were random in occurrences and appeared to be nonspecific responses of the cells to injury. Similar degenerative findings in the olfactory epithelium were seen in mice 24 hr after nasal irrigation with zinc sulfate (a compound known to selectively damage olfactory epithelium) (15) . Internalized cilia were seen in this study as well as in rats after an acute exposure to formaldehyde (16) and in hamsters after mechanical injury to the trachea (17) . In this study, this finding was considered a state of ciliogenesis since the associated cells showed active regeneration. The in- traepithelial cyst and active phagocytosis of degenerated cells seen in this study could not be found mentioned in the literature. The macromitochondria with reduplication of cristae were nonspecific intracellular responses to injury and may represent an enzyme deficiency or suppression of mitochondrial division (18) . The flattened surface cells in the respiratory olfactory epithelium was likely an early squamous metaplasia since there were dense bundles of intermediate filaments similar to tonofflaments. Squamous metaplasia and respiratory metaplasia have been reported in a variety of studies of known nasal inhalants (6, 7, 16) . However, squamous metaplasia was not seen during the light microscopic examination of the nasal epithelium of mice after an acute exposure with MIC (2). The olfactory epithelium is highly sensitive to toxic gases (5) . The loss of supporting cells, sensory cells, basal cells and olfactory nerves were most obvious in level II of the dorsal meatus in this ultrastructural study. This finding has been seen at the light microscopy level during the studies of several nasal toxicants in mice (7), rats (6) , and hamsters (19) , and had a similar ultrastructural appearance to mice treated with zinc sulfate (15) . The most striking finding in this study was the rapidity with which the respiratory and olfactory epithelium regenerated. Three days after exposure to toxic concentrations (10- and morphologic features of the normal epithelium (25) . After 14 days, Bowman's glands within the epithelium were lined by immaturelike large round cells similar to regenerating supporting cells, while in the laminar propria the glands were mature and active and filled with agranular endoplasmic reticulum. Supporting cells could occasionally be seen with secretory granules and lamellar agranular endoplasmic reticulum similar to that seen in epithelial cells of Bowman's glands. These findings were in agreement with those reported for mice after treatment with zinc sulfate (20) basal cell as the stem cell of the olfactory neuron (21) (22) (23) .
There were changes such as early mild squamous metaplasia and cilia defect which can best be described at the ultrastructural level or may not be obvious at the light microscopy level. A better characterization of the cell dynamics and some suggestions as to the progenitor of the repopulating cells can be made from this ultrastructural review.
